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Animal cell-death suppressors Bcl-xL and Ced-9 inhibit cell death
in tobacco plants 
Ichiro Mitsuhara*†, Kamal A. Malik*‡, Masayuki Miura§ and Yuko Ohashi*†
In plants, events similar to programmed cell death have
been reported [1,2], although little is known of their
mechanisms at the molecular level. To investigate the
mechanism(s) involved, we overexpressed bcl-xL, which
encodes a mammalian suppressor of programmed cell
death, in tobacco plants, under the control of a strong
promoter [3]. In plants expressing Bcl-xL, cell death
induced by UV-B irradiation, paraquat treatment or the
hypersensitive reaction (HR) to tobacco mosaic virus
(TMV) infection was suppressed. The extent of
suppression of cell death depended on the amount of
Bcl-xL protein expressed. Similar enhanced resistance
to cell death was found in transgenic tobacco plants
overexpressing the ced-9 gene, a Caenorhabditis
elegans homolog of bcl-xL [4], indicating that Bcl-xL
and Ced-9 can function to inhibit cell death in plants.
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Results and discussion
Enhanced resistance to UV-B in transgenic plants
We overexpressed genes encoding Bcl-xL and Ced-9 under
the control of a powerful promoter in tobacco plants (Nico-
tiana tabacum cultivar Samsun NN) [3] to examine whether
the mechanism of cell death in plants and animals was
related. Bcl-xL and Ced-9 proteins were immunologically
detected in the M65 or M66 transgenic lines, respectively
(Figure 1a), but neither were detected in either wild-type
plants or control plants in which a firefly luciferase gene or
a bacterial β-glucuronidase gene were overexpressed using
the same promoter [3]. We selected representative lines
that expressed each protein at high (M65-4, M65-9,
M65-21, M65-23, M66-6, M66-30), intermediate (M65-1,
M65-2, M66-11) or low (M65-26, M66-5) levels from about
30 lines expressing each protein. The adult leaves of these
lines contained approximately more than 5 µg, 1–5 µg, or
less than 1 µg expressed protein per gram fresh weight,
respectively. The amount of expressed protein in the origi-
nal plants and their self-pollinated progeny was measured
just before each experiment. When fully developed leaves
of 6-week-old wild-type and control plants were irradiated
with UV-B light (32 kJ/m2), severe UV damage appeared as
a gloss on the leaf discs 24 hours after irradiation, and there-
after as a green to yellowish-white color change of the
leaves, with wilting after 48 hours (Figure 1a,b). Leaves of
high-level Bcl-xL-expressing lines, such as M65-21-7 and
M65-23-6, however, remained green with only a little gloss
or wilting. The level of UV-B resistance correlated with the
level of Bcl-xL protein. Although both M65-21-1 and M65-
21-7 are progeny of the high-level expresser M65-21, which
carried five copies of the transgene, their levels of Bcl-xL
protein and resistance to UV differed, suggesting non-
uniform segregation of transgenes. A similar correlation
between enhanced UV resistance and levels of Ced-9
protein was found in M66 plants. In leaves of wild-type
plants, control plants and low-level expressers, the chloro-
phyll content decreased to 50% or less in comparison with
untreated leaves by 30 hours after UV irradiation, but was
at 80% or more in high-level expressers. Similar resistance
to ion leakage was observed in irradiated leaf discs; in wild-
type and control plants and low-level expressers such as
M66-5-6, electrolyte leakage reached a maximum in the
first 12 hours and rapidly decreased thereafter, whereas the
high-level expressers M65-21-7 and M66-30-6 showed no
clear ion leakage (Figure 1c). UV resistance in high-level
expressers was clearly detected in whole plants. When
intact wild-type plants were irradiated, severe damage
became evident 4 days after irradiation (Figure 1d), and
then these plants died within a week. High-level
expressers M65-21-7 and M66-30-6 wilted only slightly in
4 days and then grew with new normal leaves.
Enhanced resistance to paraquat in transgenic plants 
We further tested resistance to paraquat, a non-selective
contact herbicide that disturbs proton translocation
through the thylakoid membrane leading to production of
active oxygen species and energy depletion [5]. When
leaf discs of high-level expressers M65-21-7, M65-23-4
and M66-30-6 were floated on 10 µM paraquat solution,
they apparently survived, maintaining their green color
for up to 48 hours, although leaves of low-level expressers
(M65-26-6 and M66-5-6), wild-type plants and control
plants became pale green or white after 30 hours
(Figure 2a). In the high-level expressers, repression of
chlorophyll degradation was apparent compared with
wild-type plants, even at concentrations up to 10 times
higher than 10 µM (Figure 2b). 
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Figure 2
Paraquat resistance in transgenic plants. 
(a) Phenotype of leaf discs 30 h after 10 µM
paraquat treatment. Three leaf discs uniformly
prepared from fully expanded upper leaves
were submerged in 10 µM paraquat (1,1′ -
dimethyl-4,4′-bipyridinium; Sigma) solution
and incubated at 28°C under continuous light
(100 µmol/m2/sec). Leaf discs from wild-type
and control plants were treated with water (as
a control) or with paraquat; discs from M65
and M66 transgenic lines were treated just
with paraquat. (b) Resistance to paraquat-
induced chlorophyll degradation in leaf discs
from transgenic lines 30 h after treatment.
Values are an average of triplicate assays, and
each SD is within 10% of the average. 
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Figure 1
UV-B resistance in M65 and M66 transgenic
plants. (a) Levels of Bcl-xL or Ced-9 protein
and phenotype of UV-irradiated leaf discs
from transgenic plants. The upper panels
show the immunological detection of Bcl-xL
protein (30 kDa) in the M65 transgenic line
and Ced-9 protein (33 kDa) in the M66 lines.
The open reading frames of bcl-xL, originating
from pSFFV-NEO-bcl-xL, and ced-9 [16] were
inserted into the plant high-expression
cassette vector pBE2113 [4]. The resulting
constructs, pBM65 and pBM66, were used
for Agrobacterium-mediated transformation to
produce transgenic lines M65 and M66,
respectively. For immunoblotting, polyclonal
anti-Bcl-xL antibody (MBL) or anti-Ced-9
antibody [16] was used. The lower panels
show leaf discs 12 mm in diameter from fully
expanded leaves of 6-week-old plants 48 h
after UV-B irradiation (32 kJ/m2). The discs
were irradiated by two 20 W UV-B lamps
(FL-20SE; Toshiba) supplemented with white
fluorescent light (photosynthetic photon flux
density = 50 µmol/m2/sec, 16 h light per day).
Intensity was measured with a Spectroline
digital radiometer DRC-100X (Spectronic)
using a 300 nm filter (DIX 300). The amount
of remaining chlorophyll a and b in leaf discs
48 h after irradiation is indicated at the
bottom. The levels were compared with
corresponding non-irradiated leaves
spectrophotometrically [17] and expressed as
a percentage of the level in the untreated
control. Values are an average of triplicate
assays and each standard deviation (SD) is
within 15% of the average. (b) Phenotype of
UV-irradiated leaf discs from wild-type (WT)
and control plants 48 h after irradiation. Wild
type indicates a non-transgenic tobacco plant.
Control indicates a transgenic tobacco plant
expressing 25 µg luciferase per g fresh leaf
(gFW). The amount of remaining chlorophyll a
and b in the leaf discs is indicated at the
bottom. (c) Electrolyte leakage from leaf discs.
Three discs were washed with 10 ml
deionized water every 12 h after irradiation.
Electrical conductivity of the leaf wash is
shown in mS/gFW/h. Values are an average
of triplicate assays (at least); error bars
denote the SD. (d) Phenotype of 6-week-old
intact plants after direct UV-B irradiation
(32 kJ/m2 at the top of the plant) and
subsequent 4 day incubation at 28°C. 
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In animals, overexpression of cell-death suppressors has
been shown to inhibit cell death induced by a broad range
of stresses in tissue culture systems [6] and whole organ-
isms [7]. Overproduction of Bcl-xL in mouse keratinocytes
resulted in a dramatically increased resistance to UV-
induced cell death [8]. Paraquat-induced disruption of
membrane integrity that leads cells to apoptosis was sig-
nificantly reduced by overexpression of Bcl-2 in cultured
mouse cells [9]. Our results indicate that protection
against UV- or paraquat-induced cell death in plants corre-
lates with the level of expressed Bcl-xL protein. UV-B or
paraquat treatment has been proposed to disturb cellular
functions, including photosynthesis and the maintenance
of membrane integrity [10]. Animal cell-death suppressors
might function to decrease the effect of stress-induced
harmful events in transgenic plants, as they do in animals.
The enhanced resistance found in M66 plants as well as in
M65 plants indicates that both Bcl-xL and Ced-9 can func-
tion as cell-death suppressors in plants. Control plants
overexpressing an animal luciferase (Figures 1,2) or a bac-
terial β-glucuronidase (data not shown) reporter gene
under the control of the same promoter did not show any
enhanced resistance to the stresses, indicating that the
resistance is caused by a specific function of cell-death
suppressors rather than being an indirect consequence of
overproduction of foreign proteins.
Suppressed HR in TMV-infected leaves of transgenic plants
Using M65 lines, we studied the effect of the Bcl-xL
protein on the N-gene-dependent HR, which is a pro-
grammed cell death event in the defensive response in
plants. In tobacco cultivars that carry the N resistance
gene, such as Samsun NN, TMV-infected cells show an
HR and develop necrotic lesions at 20°C, but not at 30°C,
a non-permissive temperature for the N gene [11,12]. To
evaluate the function of Bcl-xL protein in the HR, we
determined the diameter of lesions 2 days after TMV inoc-
ulation at 20°C, and found that the size in M65 lines was a
little larger than in wild-type and control plants, indicating
delayed and/or suppressed the HR in M65 plants (see
Supplementary material). The HR process in M65 and
control plants was further studied using a more specific
lesion-formation system. We maintained TMV-inoculated
leaves at 30°C for 40 hours to allow virus multiplication
without induction of the HR, and then lowered the tem-
perature to 20°C to induce a synchronous HR. The rate of
ion leakage, an indicator of HR [12], from TMV-infected
wild-type leaves was maximal 6–8 hours and started to
decrease 10 hours after the temperature shift. In Bcl-xL
expressers, however, a low-level of ion leakage was
detected after 8 hours, which reached a maximum after
10–12 hours (Figure 3a). Appearance of water-soaked
lesions was observed just before the maximal ion leakage:
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Suppressed HR in TMV-inoculated leaves of transgenic plants. (a) Ion
leakage from the leaves. Detached mature leaves of the indicated
greenhouse-grown plants were inoculated with TMV (10 µg/ml),
incubated at 30°C for 40 h, carefully washed with deionized water, and
then shifted to 20°C. The surface of each leaf was washed with 50 ml
water every 2 h. Electrical conductivity in the recovered leaf wash is
shown in µS/gFW/h. The open arrowheads indicate the time of
appearance of the lesions for each line. The experimental procedure is
illustrated above the graph. Levels of accumulated Bcl-xL protein in
M65-2 and M65-21-17 leaves were 2 µg/gFW and 15 µg/gFW,
respectively. (b) Immunoblot analysis of TMV coat protein and PR
proteins in wild-type and M65-21-17 plants 0–48 h after the temperature
shift. Specific antibodies against TMV and acidic tobacco PR-1 and PR-3
proteins, respectively, were used as described [18]. (c) Quantification of
TMV coat protein and PR-1 protein in the leaf discs of the indicated
plants. At 48 h after the temperature shift, four leaf discs (7 mm in
diameter containing one lesion each) were analyzed by immunoblotting
for TMV coat protein and PR-1 levels. The amount of Bcl-xL or Ced-9
(µg/gFW) in each plant is indicated below the blots. (d) Fluorescent
material in extracts from TMV- or mock-inoculated leaves. A 5 µl sample
of each extract was placed on a plastic film and photographed under a
UV lamp (366 nm). Scopoletin content in TMV-infected leaves was
determined and is shown as a percentage of that in the control plant at
the bottom. Pure scopoletin is shown on the right as a standard.
after 8, 9 and 11 hours in wild-type, M65-2 and M65-21-17
plants, in which 0 µg, 2 µg and 15 µg Bcl-xL protein per
gram fresh leaf was found, respectively. Further, using
specific antibodies, we determined the levels of TMV and
of pathogenesis-related (PR) proteins, which are generally
induced coincident with the HR. The level of TMV,
which we monitored by detecting the TMV coat protein,
changed little from 6 hours to 48 hours after the tempera-
ture shift in wild-type plants, but increased remarkably in
the high-level Bcl-xL expresser M65-21-17, suggesting
that the multiplication of TMV was not restricted even at
20°C (Figure 3b). Interestingly, in the M65-21-17 plant,
little acidic PR-1 or PR-3 protein was detected despite the
considerable levels in wild-type plants, suggesting a
decreased HR in transgenic plants. The phenomenon was
confirmed using other high expressers of Bcl-xL and
Ced-9, M65-4, M66-11 and M66-30-5 (Figure 3c). Accu-
mulation of TMV coat protein was enhanced and that of
PR-1 was suppressed in all Bcl-xL and Ced-9 transgenic
plants tested. Further, we determined the amounts of fluo-
rescent compounds in TMV- and mock-inoculated leaves
48 hours after the temperature shift (Figure 3d). An
increase in levels of fluorescent materials, such as scopo-
letin, is known to be associated with HR [13]. In M65 and
M66 plants, the levels of these materials were clearly sup-
pressed in comparison with wild-type and control plants.
Thus, these cell-death suppressors disturb the hypersensi-
tive cell death in pathogen-infected tobacco cells and
thereby allow the spread of the pathogen.
To date, no homolog of cell-death-related genes of animal
origin has been isolated from plants. A low level of similar-
ity has been found between the NB-ARC domain of
Ced-4/Apaf-1 proteins and some plant resistance gene prod-
ucts that confer HR in plants after pathogen infection [14].
Ced-9 and Bcl-2, which are functional homologs of Bcl-xL,
bind to the Ced-4/Apaf-1 cell-death-promoting proteins and
interfere with cell death in animals [4]. It was reported
recently that caspase-specific peptide inhibitors could
abolish bacteria-induced plant programmed cell death [15].
Thus, our observation that HR is suppressed in plants that
overexpress Bcl-xL and Ced-9 suggests that these proteins
are also able to inhibit cell death in plants. Further experi-
ments may elucidate whether the signaling pathways of cell
death in plant and animal kingdoms are similar or different. 
Supplementary material
Supplementary material including a graph of the diameters of HR
lesions in normal and transgenic plants is available at http://current-
biology.com/supmat/supmatin.htm.
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Supplementary material
Figure S1
Increased diameter of lesions in transgenic plants. TMV-inoculated
leaves were incubated for 2 days at 20°C and the diameters of
100 lesions were measured. Levels of accumulated Bcl-xL protein in
M65-9 and M65-21-17 leaves were 10 µg/gFW and 15 µg/gFW,
respectively. Mean values ± SD are shown in parentheses. The values
that differ significantly (p < 0.01) from those of the wildtype (confirmed
by biometrical analysis) are indicated with asterisks. Data from each
plant were analyzed by the non-parametric test because their variance
was not equal (p > 0.05 in Hartley’s test), and the significance in the
differences of the diameter between M65 plants and control plants
was confirmed by the Krascal–Wallis test and the
Kolomogorov–Sminov test [S1].
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